Abstract: Forty-three Fusarium oxysporum strains and one Fusarium solani strain were analyzed for genetic diversity. These strains represent a wide range of geographic locations and were collected primarily from tomato (Lycopersicon esculentum) roots. Among all 43 F. oxysporum strains, 21 were not pathogenic to tomato, 20 were pathogenic, including 13 strains of Fusarium oxysporum lycopersici and seven strains of Fusarium oxysporum radicis-lycopersici, and two were other formae speciales of the fungus. Genetic diversity of all 43 strains was assessed by vegetative compatibility group (VCG), sequence analysis of the rDNA internal transcribed spacers (ITS1 and ITS2) and the 5.8S rRNA gene, and amplified fragment length polymorphism (AFLP). Most of the F. o. lycopersici strains were assigned to VCG 0030, while most nonpathogenic ones were incompatible with each other. ITS region analysis grouped the strains into four clusters. The nonpathogenic F. oxysporum strains were in two groups, while the pathogenic strains were placed in two different groups. Pathogenic and nonpathogenic strains were also separated into different clusters based on AFLP data, although some nonpathogenic strains grouped with pathogenic strains. The population of pathogenic strains was less diverse than that of the nonpathogenic strains, suggesting that the pathogenic strains were possibly of monophyletic origin. For both pathogenic and nonpathogenic F. oxysporum strains, no relationship was observed between the genetic profiles and geographic origin; this may indicate that pathogens did not originate independently at each locality.
Introduction
Fusarium oxysporum is a ubiquituous, asexual species complex (Kistler 1997) . This fungus has highly diverse variants, including several dozens of well-studied pathogenic formae speciales and races that cause wilt, root, or crown rot diseases as well as ubiquitously present nonpathogenic strains (Armstrong and Armstrong 1981) . Fusarium oxysporum is among the more commonly isolated fungi originating from asymptomatic roots of crop plants (Hancock 1985) . Typically, isolates obtained in this way are not pathogenic to the plants from which they were recovered (Katan 1971) . Nonpathogenic F. oxysporum strains are among the most effective biocontrol antagonists against pathogenic F. oxysporum (Alabouvette and Couteaudier 1992; Bao et al. 2000; Larkin and Fravel 1999; Postma and Luttikholt 1996) . There has been speculation that pathogenic forms of F. oxysporum derived originally from nonpathogenic ancestors (Gordon and Martyn 1997) . Understanding the diversity among the virulent F. oxysporum strains will ultimately require a detailed characterization of the relationships between diverse pathogenic and nonpathogenic forms in this species (Correll 1991; Gordon and Martyn 1997) . This understanding at the molecular level may change the strategies of screening for antagonists and of applications in disease biocontrol.
Fungal diversity studies have mainly focused on the pathogenic strains within related formae speciales or races (Baayen et al. 2000; Kistler 1997; Mes et al. 1999) . Less attention has been given to nonpathogenic F. oxysporum populations. Nonpathogenic strains likely have been involved in gene flow in both the pathogenic and nonpathogenic evolutionary processes. Nonpathogenic strains have been compared with pathogenic strains with respect to vegetative compatibility group (VCG), mitochondrial DNA haplotype, and random amplified polymorphic DNA (RAPD) (Fiely et al. 1995; Gordon and Okamoto 1992; Katan and Katan 1988; Vakalounakis and Fragkiadakis 1999; Woudt et al. 1995) .
We used pathogenic, saprophytic, and biocontrol strains of F. oxysporum isolated from similar ecological niches (mostly tomato (Lycopersicon esculentum) roots) but from widely separated geographic areas to evaluate VCG, rDNA sequences, and amplified fragment length polymorphisms (AFLP). The objective of this study was to explore the genetic relationships among pathogenic, biocontrol, and saprophytic F. oxysporum strains. The long-term goal of this research is to identify genetic markers for studies of F. oxysporum population structure and for selection of beneficial strains.
Materials and methods

Fungal strains and culture conditions
Strains used in this study and their origins are summarized in Table 1 . Except for strains supplied by other scientists, Fusarium strains were isolated directly from tomato roots by uprooting tomato plants gently, washing roots with tap water to remove all visible soil, disinfesting root surfaces with 0.2% sodium hypochlorite for 1 min, and then transferring the root segments onto potato dextrose agar (PDA) (Difco, Detroit, Mich.). Emerging colonies were transferred onto fresh PDA and Fusarium-like isolates were purified using dilution plating to isolate single-spore colonies. Newly isolated Fusarium strains were examined for their morphological characteristics, identified using the system described by Nelson et al. (1983) , and preserved on sterile filter paper. Fungal cultures were maintained on PDA at 25°C in darkness. For the production of fungal spore inoculum, 50 mL of potato dextrose broth (PDB) was inoculated with 10 7 microconidia and incubated on a rotary shaker (150 rpm) for 5 days at 25°C in darkness. Conidia (about 90% microconidia) were harvested by filtering the culture through sterile Miracloth (Calbiochem, La Jolla, Calif.) and spore concentration was measured using a hemacytometer under a light microscope.
Pathogenicity test on tomato plants
Pathogenicity of the isolates was tested on tomato (L. esculentum) cultivar Bonny Best (Ontario Seed Company Ltd., Waterloo, Ont., or Totally Tomatoes, Augusta, Ga.), which is highly susceptible to all reported races of Fusarium oxysporum lycopersici. Tomato seeds were sown into coarse sand in plastic trays (10 × 15 × 5 (height) cm) and were allowed to grow for 2 weeks in a growth chamber at 25°C (light) and 20°C (dark) with a 14-h photoperiod of fluorescent light. Pathogenicity tests were carried out using a rootdip inoculation method. Tomato seedlings were uprooted gently and roots were washed with tap water to remove all sand. Roots were placed in a spore suspension containing 10 6 spores/mL for 5 min, dried briefly on a paper towel, and then five plants transplanted into moistened Promix (Premier Horticulture Company, Rivière-du-Loup, Que.) in plastic pots (5 cm diameter × 10 cm height). There were three replicated pots of five plants each for each fungal strain. Control seedlings were treated with water alone. Plants were placed in a growth room under the same growth conditions as described above. Disease development was evaluated every 3-4 days for 30 days using a disease severity index with 0 for no symptoms and 4 for a dead plant (Bao and Lazarovits 2001) . Inoculated plants were examined for vascular discoloration. To reisolate the pathogen, stems were collected, surface disinfested, sectioned, and the stem sections plated onto PDA as described above. Strains producing disease severity index scores above 2 with typical wilt symptoms were considered tomato Fusarium wilt pathogens. Strains that did not induce wilt or crown rot symptoms on tomato plants were considered nonpathogenic to tomato plants. These latter strains were tentatively designated as nonpathogenic F. oxysporum in this study. Pathogenicity tests were carried out at least twice for each strain.
VCG grouping
Nitrate-nonutilizing (nit) mutants were generated on PDA medium amended with 1.5% potassium chlorate (Puhalla 1985) . Progeny mutants were phenotyped (nit1, nit3, and NitM) according to Correll et al. (1987) . Vegetative compatibility was determined by pairing nit mutants on PDA medium and observing cultures for prototrophic growth periodically over a 4-week period. Heterokaryon formation between mutants was identified by the formation of a wild-type mycelium growth at the contact zone. At least two compatible NitM mutants from each of the strains participated in the compatibility pairings with nit-or NitM-type mutants from other strains in all possible combinations. The absence of wild-type growth between complementary nit mutants derived from the same parent isolate indicated allelic or vegetative selfincompatibility, while the absence of wild-type growth between nit mutants from different parent isolates indicated either noncomplementarity or inability to form a heterokaryon due to lack of vegetative compatibility (Katan et al. 1991) . VCGs were numbered according to Kistler et al. (1998) and Katan (1999) . The complementation pairings were carried out at least twice for each isolate with different nit mutants.
rDNA sequence analysis
Fungal genomic DNA was extracted from mycelia. Mycelia from 5-day-old PDB cultures were harvested by filtration, washed three times with sterile distilled water, and dried on four layers of sterile paper towels. Approximately 500 mg of mycelia was placed in a 1.5-mL Letters were not assigned to the strains not compatible. The same letters (VC-1 or VC-2) were temporarily assigned to the strains compatible with each other. Eppendorf tube and pulverized in liquid nitrogen. DNA was extracted using the method of Sambrook et al. (1989) . A 1% agarose gel amended with ethidium bromide was used to determine the quality and estimate the quantity of extracted DNA. DNA was diluted 1000-fold for use in a polymerase chain reaction (PCR). rDNA internal transcribed spacers (ITS1 and ITS2) and the 5.8S rRNA gene were amplified according to White et al. (1990) using primer pairs ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG) and ITS4 (5′-TCCTCCGCTTATTGATATGC) on a thermal cycler (GeneAmp PCR System 9700, Perkin Elmer, Boston, Mass.). The amplification procedures described by Waalwijk et al. (1996) were used with 35 cycles. PCR products were purified using a PCR purification kit (Qiagen, Mississauga, Ont.) according to the manufacturer's instructions. Sequencing of PCR products was done using an ABI sequencer (model 377, version 3.0, Perkin Elmer) at the John P. Robarts Research Institute, London, Ont., or at the Plant Sciences Department, University of Maryland, College Park, Md. Sequences were edited and aligned with the aid of a DNA Star software program (DNASTAR Inc., Madison, Wis.), and final alignments were made manually. The aligned sequences were used to generate Julce-Cantor distances and the number of nucleotide mismatches using the software package MEGA (Kumar et al. 1993) . Phylogenetic analysis was performed by maximum parsimony with all characters having equal weight and treating all alignment gaps as missing data using PAUP 4.0 software (beta version for Windows, Sinauer Associates, Inc., Sunderland, Mass.). Support for the phylogenetic groupings was obtained with bootstrap analysis (Hillis and Bull 1993) using 500 replications with stepwise addition of sequences during a heuristic search with a total of 484 characters. The accession numbers for the sequences in GenBank nucleotide sequence databases are from AF440525 to AF440567.
AFLP analysis
AFLP analyses were performed with AFLP Analysis System II (Life Technologies, Inc., Gaithersberg, Md.) following the manufacturer's instructions with modifications (Farr et al. 2000; O'Neill et al. 1997) . Optimization of AFLP polymorphic bands, the number and choice of selective nucleotides at the 3′ end of the restriction enzyme primers, and the size and complexity of the fungal genome being analyzed were done using the method reported (Lin and Kuo 1995; O'Neill et al. 1997; Vos et al. 1995) . Two and one selective nucleotides EcoRI + AG and MseI + C were used for selective amplification of restriction fragments. Selective primers were provided by Life Technologies, Inc. EcoRI + AG was selected for use because a large number of polymorphisms were observed within the species in preliminary experiments. Autoradiographs were obtained by exposing Kodak BioMax MR-2 film (Eastman Kodak Co., Rochester, N.Y.). The presence or absence of bands of molecular size ranging from 72 to 190 bp in each lane was scored using Proscore version 2.36 (DNA Proscan Inc., Nashville, Tenn.). Bands greater than 197 bp were not scored because the resolution was not sufficient to discriminate between bands. The resulting binary matrices were used to determine similarity among isolates using NTSYS-pc Version 1.60 (Exeter Software, Setauken, N.Y.). Simple matching coefficients (m/n) were clustered to produced similarity trees using the unweighted pair-group method with arithmetic average. The experiment was repeated using the same primer pairs and different DNA preparations.
Results
Fusarium strains and pathogenicity tests
In addition to isolates supplied by other scientists (Table 1), 20 of the F. oxysporum strains were directly isolated from tomato plants or soil in various geographical locations. Pathogenicity to Bonny Best tomato was tested for all except two strains (strains 12 and EN4), which belong to other formae speciales of F. oxysporum. Pathogenicity tests with the newly isolated F. oxysporum strains indicated that 17 strains were not pathogenic to tomato plants, while three strains were pathogenic. Pathogenic strains included 13 strains of F. o. lycopersici, of which three (strains Lem-2, SMC1, and SMC21) were newly isolated, and seven strains of Fusarium oxysporum radicis-lycopersici. A culture from strain IA7, tomato Fusarium wilt pathogen race 1 (Larkin and Fravel 1999) , was not pathogenic to tomato plants and was reported by the culture donors to have lost pathogenicity in repeated culture.
VCG grouping
The nit mutants were generated from all except nine F. oxysporum strains and the one Fusarium solani strain (Table 1). Strains SMC1, SMC21, and Fol were naturally resistant to hypochlorite, while strains EN4, 12, IA7, 43SK-1, 104SK-2, and CS-1 were not tested. No nit mutants were generated from strain Fo47 through several trials. All of the nit mutants were characterized for their phenotypes (nit1, nit3, or NitM), and at least two NitM-type mutants and more than 15 other nit-type mutants were generated for each strain. Positive complementation reactions indicated that most F. o. lycopersici strains, regardless of geographic origin or race, belong to the VCG 0030 (Table 1) . Most nonpathogenic F. oxysporum strains were incompatible with each other and thus were not assigned to specific VCGs. Strains LD21 and LD23 were vegetatively compatible, indicating VC-1. Strains Fo7 and FR11 were weakly compatible, indicating VC-2.
rDNA sequence analysis
The sequences of two ITS regions (ITS1 and ITS2) and the 5.8S rRNA gene among the 42 F. oxysporum strains (strain 12 not tested) had from 90.21 to 99.56% similarity (Fig. 1) . Fusarium oxysporum strains were grouped into four ITS groups (Groups I-IV) (Fig. 2) . Pathogenic F. oxysporum strains were clustered into Groups III and IV, while nonpathogenic F. oxysporum strains were placed into Groups I and II. Strains LD21 and LD23 (from the same geographic site) were the exceptions among nonpathogenic strains; they had the same pyrimidine base at position 392 as did the pathogenic strains and were in Group III (Figs. 1 and 2) . Strain IA7, which had lost pathogenicity in repeated culture, was clustered with the nonpathogenic strains. Strains of F. o. lycopersici and F. o. radicis-lycopersici had highly homolo-gous sequences. Two pairs of nucleotides consistently served to differentiate pathogenic from nonpathogenic strains in most cases. One basepair change was located in the 5.8S rRNA gene at position 119 relative to the start basepair from the 5′ end of the 5.8S rRNA gene. At this location, pathogenic strains had a C → T transition except strains 1517, 2103, C734A, J32, FoRL82, and Lem-2 (Fig. 1) . The other basepair change was in the ITS2 region at position 80 relative to the 5′ end start position of this region where most pathogenic strains had a T → C transition. Other base changes were noted but were not consistent indicators of pathogenicity or nonpathogenicity. Group II was a distinct group among the F. oxysporum strains. Group II had 21 transversion events, a 90.21% sequence similarity compared with Group I strains, and an 80.61% sequence similarity to the out-group strain CS-1 (F. solani). The differences in sequence data among the strains were not associated with their geographic origins, pathogenic races, or biological control traits such as the well-characterized antagonist strains CS-20 and Fo47.
AFLP analysis
The AFLP DNA fingerprint patterns of the isolates studied are shown in Fig. 3 . Repetitions using the same set of primers and fungal isolates consistently yielded the same polymorphic band patterns and similar band numbers. Different DNA preparations of the same isolate yielded the same results. Most of the polymorphism was associated with fragments located between 75 and 160 bp in most strains. There were several bands that were specific to pathogenic or nonpathogenic strains, but the most significant bands for the specificity were those with about 155 and 152 nucleotides. The bands at 155 bp clearly separated the strains in ITS Groups I, III, and IV from the strains in ITS Group II, the out-group strain CS-1 (F. solani), and strain IA7 that was found to be closely related to strain CS-1 in both ITS sequence data and AFLP profiles. The bands at 152 bp were specific to the strains of F. o. lycopersici and even separated the strains of F. o. lycopersici from those of F. o. radicislycopersici (Fig. 3) . However, in some cases, banding patterns were similar or identical, which included several pathogenic strains in several AFLP groups such as J32 and FoRL82; Fol, CNPH23, and J43; and SMC21, JF21, W848A, and CNPH27. Among nonpathogenic strains, LD21 and LD23 had identical AFLP patterns, while those of FR11 and Fo7 had very similar patterns. Most of the pathogenic and nonpathogenic strains were clustered in separate clades (Fig. 4) . Pathogenic strains were less divergent than non- Fig. 1 . Nucleotide sequence alignment of the rDNA repeats encoding ITS1, 5.8S rRNA (underlined), and ITS2 for strains of nonpathogenic Fusarium oxysporum (Groups I and II) and F. oxysporum f. sp. lycopersici (or radicis-lycopersici) (Groups III and IV) and a F. solani strain. The nucleotide bases in Group III sequences differing from Group IV sequences are indicated below the sequences (strain code in parentheses). Bold letters indicate nucleotide bases that differ between pathogenic and nonpathogenic strains. Dashes indicate base gaps. pathogenic strains. AFLP patterns obtained from both pathogenic and nonpathogenic strains did not appear to be closely related to geographic origin.
Discussion
In this study, we examined specific F. oxysporum populations closely associated with tomato plants, including strains causing Fusarium wilt or Fusarium crown rot of tomato as well as nonpathogenic strains isolated from plant roots. Fusarium oxysporum is an anamorphic species identified by morphological criteria shared by both pathogenic and nonpathogenic strains. Molecular genetic traits, rather than morphological or pathogenic ones, used to understand the population structure of this species may provide a valuable identification tool in recognizing specific strains in the future. Furthermore, genetic markers may be developed and used in distinguishing beneficial strains for use in biological control programs. The fact that pathogenic strains may be clustered separately in general from nonpathogenic ones by ITS sequence data (Fig. 2) or AFLP profiles (Fig. 3) could be helpful in finding such genetic markers in the future. However, the ITS region may be inadequate to distinguish between beneficial strains and nonpathogenic strains. In the AFLP profiles, bands at 155-and 152-bp positions, especially the 152-bp band, which was only presented in F. o. lycopersici strains (Fig. 3) , could be useful genetic markers in strain identifications.
One expectation of this investigation was that F. o. lycopersici and F. o. radicis-lycopersici could be separated into groups either by rDNA or by AFLP analysis. These two formae speciales, however, were closely related based on our molecular analysis (Figs. 2 and 4) , while the nonpathogenic strains were more diverse in VCGs and AFLP profiles. The AFLP profiles indicated that the two formae speciales appear to be monophyletic, sharing the same ancestor with some nonpathogenic strains, a situation similar to that reported for other formae speciales of F. oxysporum (Baayen et al. 2000; Koenig et al. 1997) . These two formae speciales were also clustered in the same clade by O'Donnell et al. (1998) using both sequence data of the elongation factor 1α coding region and the mitochondrial small subunit rRNA genes. Since pathogens from widely separate geographic locations were genetically similar, it is unlikely that they evolved independently at each location from a large pool of nonpathogenic form strains.
Grouping by AFLP or ITS profiles did not fully concur with grouping by VCG profiles. Strain 2103 was in the same VCG group, 0030, where other F. o. lycopersici strains were assigned but in a different ITS group (Table 1) . The same trend was also found in the AFLP profiles (Fig. 4) . VCG analysis has shown that F. oxysporum strains within the same VCG are in the same clonal lineage (Elias and Schneider 1991; Elias et al. 1993; Mes et al. 1999) . However, VCG 0030 and VCG 0032 were found in the same restriction fragment length polymorphism group (Elias et al. 1993) . Since many isolates within the formae specialis lycopersici belong to single-member VCGs or are self-incompatible (Elias and Schneider 1991) , VCG analysis is of limited use in relating new isolates to the currently described groups (Mes et al. 1999) . Our results indicated that most VCG 0030 strains had clustered in the same ITS or AFLP level of clade (Fig. 4) and individual strains such as Fol20L and 2103 in VCG 0030 were grouped in separated ITS or AFLP clades. Similarly, Mes et al. (1999) reported that groupings of most iso- The values over branches are branch length representing the distance between sequence pairs, and the units at the bottom of the tree indicate the number of substitution events. The percentages below the branches are the frequencies with which a given branch appeared in 500 bootstrap replicates when the heuristics option in PAUP 4.0 was used. Bootstrap values below 50% are not displayed. NP means nonpathogenic to tomato plants.
lates tested were similar for RAPD and VCG and that there were several single-member VCGs that could not be grouped into one of the two main RAPD clusters.
The nonpathogenic F. oxysporum strains were not vegetatively compatible with the pathogenic ones. This incompatibility has also been reported by Katan and Katan (1988) . Our results indicated that pathogenic strains usually had a higher degree of vegetative compatibility than the nonpathogenic ones. Most of the nonpathogenic isolates studied here were incompatible with each other forming single-member VCGs, possibly reflecting the fact that nonpathogenic F. oxysporum have a larger, more diverse population in nature. Even from the same location, nonpathogenic strains were often incompatible (Table 1) . Similar results have also been reported for nonpathogenic strains collected even from a very small field site (Gordon and Okamoto 1992) and for nonpathogenic F. oxysporum strains from cyclamen (Woudt et al. 1995) .
Parasexuality is considered to have contributed to lateral transfer of pathogenicity genes to distantly related strains of F. oxysporum (Baayen et al. 2000) . Our results indicated that lateral gene transfer in the tomato Fusarium pathogens may be of limited importance, since most pathogenic strains were clustered in closely related clades. However, since several pathogenic strains were dispersed among the nonpathogen-dominated clades in our AFLP profile, the spread of dispensable chromosomes carrying pathogenicity genes or gene clusters across evolutionary distinct lineages (Covert 1998 ) might also occur in the pathogenic tomato Fusarium strains. Fusarium may undergo infrequent sexual cycles (Taylor et al.1999) , which could contribute to this horizontal spread. This speculation is strengthened by a recent report that mating-type gene sequences have been found in all investigated strains of F. oxysporum (Arie et al. 2000) .
An understanding of diversity in the nonpathogenic strain population must be developed if we are to fully understand diversity among the virulence strains of this species (Correll 1991) . Studies of the relationships among pathogenic, saprophytic, and biocontrol F. oxysporum populations will provide basic knowledge of fungal evolution, including the origins of pathogens, formae speciales, and races. When more fully understood, possible applications of this knowledge might include development of screening techniques for biocontrol agents and retarding or preventing development of new pathogen races.
